ABSTRACT C-terminal Binding Proteins (CtBP) 1 and 2 are oncogenic transcriptional co-regulators overexpressed in many cancer types, with their expression level correlating to worse prognostic outcomes and aggressive tumor features. CtBP negatively regulates the expression of many tumor suppressor genes, while coactivating genes that promote proliferation, epithelial-mesenchymal transition, and cancer stem cell self-renewal activity. In light of this evidence, the development of novel inhibitors that mitigate CtBP function may provide clinically actionable therapeutic tools. This review article focuses on the progress made in understanding CtBP structure, role in tumor progression, and discovery and development of CtBP inhibitors that target CtBP's dehydrogenase activity and other functions, with a focus on the theory and rationale behind the designs of current inhibitors. We provide insight into the future development and use of rational combination therapy that may further augment the efficacy of CtBP inhibitors, specifically addressing metastasis and cancer stem cell populations within tumors.
Introduction
C-terminal Binding Proteins (CtBP1/2) are evolutionarily conserved metazoan transcriptional co-regulators, with the founding paralog CtBP1 initially identified as a phospho-protein that interacted with the C-terminus of the adenovirus E1A protein. [1] [2] [3] Extensive genetic studies in model organisms demonstrate that CtBP is required for embryonic development and also adult lifespan. Homozygous loss of'mCtBP2 results in developmental defects and embryonic lethality, while mCtBP1 homozygous loss yields runted offspring with limited lifespan. 4, 5 In Drosophila, reduction of maternal dCtBP activity caused severely disrupted embryonic segmentation patterning. [6] [7] [8] Conversely, in Caenorhabditis elegans (C. elegans), inactivation of CtBP either by depletion or mutation resulted paradoxically in extended life span. 9, 10 In addition to its role in developmental biology, transcriptional co-regulation by CtBP has been found to play a role in several diseases, including cancer. [11] [12] [13] [14] CtBP promotes a neoplastic phenotype by suppressing tumor suppressor gene expression and by facilitating upregulation of oncogenic factors. 15 The aim of this review is to revisit the existing literature relevant to CtBP structure as it correlates to its oncogenic functions, and then to provide prospective on a small but growing body of work characterizing the development of antineoplastic CtBP-targeted pharmacological inhibitors.
CtBP: Domain structure and post translational modifications
In vertebrates, CtBP family proteins are encoded by 2 paralogous genes, CtBP1 and CtBP2. These proteins display redundant functional and structural similarities, although each of them also has many distinct roles. 5, 16, 17 CtBP1 has 2 splice isoforms, CtBP1-L (previously known as CtBP1) and the shorter form CtBP1-S, which splices out exon 1 that encodes the N-terminal 15 amino acids, and localizes predominantly to the cytoplasm. 18, 19 CtBP1-S is also referred to as CtBP1/BARS (Brefeldin A-ADP Ribosylated Substrate), which has been reported to play a critical role in regulation of lipid storage and golgi membrane fission.
an alternative promoter and contains an extended N-terminus. RIBEYE is a major structural component of synaptic ribbons that are important for the precise and accurate transmission of sensory signals. 19, 22 CtBP comprises 3 functional domains ( Fig. 1 ): an N-terminal transcription factor-binding domain, a central dehydrogenase domain, and a C-terminal extension that is further involved in interactions with transcription factors and additionally acts to stabilize substrate binding.
N-terminus
The transcription factor-binding domain in the N-terminus of CtBP is responsible for CtBP's association with the majority of its known transcription factor and co-repressor partners. 15, 23, 24 This occurs through CtBP recognition of a consensus PxDLS (Pro-x-Asp-Leu-Ser; x is commonly a hydrophobic amino acid) peptide motif in its partner proteins. Studies across different species depict the importance of the PxDLS motif for CtBP binding. 25 For example, histone deacetylases such as HDAC4, HDAC5 and HDAC7 contain a PxDLS motif through which CtBP proteins can interact to promote gene silencing. 26 Similarly, DNA-binding mammalian Kruppel-like factors (KLF) such as KLF3, KLF8, and KLF12 bind to CtBP via their PVDLS motif. 27 Although most interacting partners of CtBP harbor the PxDLS binding motif, it is worth noting that some of them do not contain this sequence, but are still able to interact efficiently either directly, or indirectly through coassociation with other components of the corepressor complex. The end result is recruitment of several different complexes that partake in CtBP mediated transcriptional regulation. 28, 29 
Dehydrogenase domain
The dehydrogenase domain of CtBP contains an NADH or nucleotide-binding domain (NBD), a catalytic domain (CD), and an RRT motif that binds to certain transcription factors. The NBD in CtBP was found to share homology with other NADH-dependent D-2-hydroxyacid dehydrogenases (D2-HDH). 17 Specifically, CtBP contains a sequence of amino acids that resembles the classic 'Rossmann Fold' topology (GXGXXG (17x) D) found in bacterial dehydrogenases that aides in nucleotide binding, and also contains a triad of amino acids (CtBP1/ 2: His315/321-Glu295/301-Arg266/272; the catalytic triad) that are essential to its substrate-binding and catalytic activities. In the presence of NADH, CtBP undergoes a conformational change that brings the substrate and NBD into close proximity, forming a "closed state," which is a critical step in formation of CtBP oligomers. 30 Oligomerization of CtBP is generally considered to be central to its role as a transcriptional corepressor and has been studied extensively in human and animal models alike. [31] [32] [33] Increased concentrations of NADH intensify oligomer formation, consequently influencing its ability to associate with transcription factors. Mutations in the NBD diminished CtBP's oligomerization ability and reduced its ability to interact with transcription factors, which further highlights the importance of the NBD in CtBP-mediated transcriptional regulation. 34, 35 In addition to the mutations in the NBD, the Cadigan and Leiter groups recognized a cluster of homologous mutations outside the NBD in both dCtBP and hCtBP1 which diminished the ability of the protein to oligomerize, importantly reducing transcriptional activity. 31, 33 In conjunction with the NBD, the CD encodes an enzymatic function that catalyzes reduction of a-keto acids (substrate) to a-hydroxy acids in the presence of NADH (cofactor). Kumar et al, proposed that the catalytic triad acts in unison to facilitate the above conversion, wherein CtBP1 His315 acts as an acid or base catalyst and Glu295 helps in lowering the pKa of this histidine by stabilizing the protonated state. Arg266 facilitates the reaction by polarizing the 2-oxo functional group of the substrate for catalysis. 30 Thus, CtBP holds a rare distinction as both a transcriptional co-regulator and active dehydrogenase. Furthermore, the dehydrogenase domain also contains an RRT binding-motif that is functionally similar to the PxDLS interaction domain, specifically recognizing the RRTGXPPXL sequence, featured in some transcription factors, such as RIZ, ZNF217, and others. 18, 25 Though CtBP has the ability to catalyze substrate reduction, it remains unclear whether this activity is of any relevance for transcriptional coregulation. Although there have been several attempts to dissect the importance of catalysis in CtBP's coregulatory activity, the answers till now have been puzzling at best. For example, Kumar et al. noted that a cluster of mutations in the catalytic domain diminished the protein's ability to associate with its interacting partners. 30 In an attempt to unravel the importance of each CtBP domain, Kuppuswamy et al mutated key amino acids that were responsible either for PxDLS binding, nucleotide binding, or catalytic activity. The results from their reporter assay showed that the mutations in each of these domains interfered with CtBP's ability to interact with E1A. 36 In contrast, other reports implied that mutations in the catalytic domain did not alter CtBP's activity. For instance, Grooteclaes et al used a combination of pull-down and reporter assays to show that a mutation in the catalytic site (CtBP1-H315Q) had limited impact on CtBP's transcriptional activity. 37 Likewise, Madison et al using reporter and pulldown assays suggested that mutations in the NBD and CD did not affect interaction with E1A, whereas mutations in the PxDLS binding domain diminished E1A interaction. 35 Importantly, the dehydrogenase and biologic activity of CtBP can be regulated by signaling events in the cell, as Ser158 within the dehydrogenase domain of CtBP1 can be phosphorylated by p21-activated kinase (Pak1; activated by heregulin growth factor (HRG)), 38 facilitating CtBP1 localization to the cytoplasm, and thereby downregulating its transcriptional activity. Additionally, Pak1 preferentially phosphorylates CtBP1 bound to NADH, completely blocking its dehydrogenase activity. In addition, AMPK and Akt have also been shown to negatively regulate CtBP1 through phosphorylation at Ser158 and Thr176 respectively, consequently leading to proteasomal degradation.
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C-terminus
The C-terminal end of CtBP1/2 (»90 residues) was initially presumed to be less crucial for its functional activity. This was likely a result of early in vitro studies that were performed without CtBP's C-terminus. However, later studies elucidated that the C-terminus is unstructured due to its proline/glycine-rich sequence, which contributes to conformational disorder and could explain the inability to crystallize full-length CtBP. 41 Nevertheless, the C-terminus promotes the formation of CtBP tetramers, as evidenced from chromatographic and X-ray scattering experiments. 35, 41 Further studies elucidated that the C-terminus encodes domains responsible for PDZ interaction (CtBP1 only) and interaction with the ARF tumor suppressor. 35, [41] [42] [43] [44] Below, we discuss the interactions and modifications of the C-terminus of CtBP in further detail. Phosphorylation HIPK2 (Homeodomain Interacting Protein Kinase 2), a serine/ threonine kinase known to be activated by checkpoint kinase ATM under genotoxic stress, phosphorylates CtBP1 and CtBP2 at Ser422 and Ser428 respectively, leading to CtBP degradation and induction of cell death. 45 An analogous role is played by cJun NH 2 -terminal kinase (JNK1) that phosphorylates CtBP1 at Ser422 in a p53-independent manner. 46 On a different note, there are other reports that have indicated that HIPK2 regulates JNK1 activation and apoptosis in cancer cells, by participating in the TGF-b signaling pathway. 47 Taken together, there is a strong possibility that HIPK2 plays both direct and indirect roles (via JNK1) in regulating CtBP and CtBP-mediated apoptosis and likely other cellular functions.
SUMOylation
In addition to the phosphorylation site, Lin et al reported the presence of a SUMOylation motif (427-VKPE-430) in the Cterminus of CtBP1, which is SUMOylated by PIAS1 and PIASxb E3 ligases that regulate both CtBP1 localization and transcriptional co-regulation activities. 43, 48 Mutation of Lys428 to Arg, which would block SUMOylation, resulted in re-localization of CtBP1 from nucleus to cytoplasm and loss of the protein's transcriptional activity. A similar observation was made by Riefler et al, who described that the SUMOylation of CtBP1 was found to be inhibited by the PDZ domain of nNOS thereby resulting in enhanced cytoplasmic retention. 42 Additionally, CtBP1s association with other transcriptional factors via the PxDLS domain was not affected upon mutation of Lys428. Interestingly, this site is not present in CtBP2. 43 
ARF interaction
An additional level of CtBP regulation is afforded through a negative regulatory interaction of the p14/p19 Alternative Reading Frame (ARF) tumor suppressor with the CtBP C-terminus. 44 ARF encodes a tumor suppressor that interacts with CtBP and leads to its proteasome-dependent degradation. The potential functional importance of the ARF/CtBP axis was highlighted by the finding that CtBP1/2 was overexpressed in 65% of colorectal adenocarcinoma specimens, specifically those where ARF was absent, whereas those tumors with high ARF levels showed absent CtBP1/2 expression. 44 In addition, depletion of ARF or overexpression of CtBP2 in a p53-null human colon cancer cell line led to the down regulation of PTEN expression, and activation of PI3K signaling and migration. Conversely, exogenous ARF was able to suppress migration of tumor cells by antagonizing CtBP and also sensitize these cells to stress induced apoptosis. Subsequent studies have shown that CtBP repression of Bik and other BH3 only proteins such as Bim and Bmf, may play a critical role in ARF induced p53-independent apoptosis. 44, 49, 50 In summary, the domains of CtBP are universally conserved and carry similar functional activities, namely catalysis and oligomerization, across different species. 24 Despite clear understanding about the functions of each domain individually, several major questions remain concerning the specific dependence of CtBP's transcriptional activity on its domains. It still remains to be deciphered whether oligomerization of protein and catalysis are part of a concerted mechanism or whether oligomerization of CtBP alone is essential for coregulation. Hence, a thorough study to disentangle the role of catalysis and oligomerization in CtBP's activity in different systems is highly desirable.
Role of CtBP in cancer
Transforming activity and tumor expression
The notion that CtBP could play a role in tumorigenesis first originated from the studies that involved the human adenovirus type 5 E1A gene.
3 E1A can immortalize rodent cells through sequences encoded in its N-terminal exon-1 region, and cooperatively transforms rodent cells when coexpressed with an activated H-Ras allele. 51, 52 Exon-2 sequences of E1A actually negatively modulate E1A/Ras transformation, and CtBP1 interacts with a PLDLS sequence within E1A exon-2. E1A proteins that are deficient in CtBP interaction either due to mutations in the PLDLS domain, or its deletion, exhibited a hyper-transforming activity in rodent cells, leading to speculation that CtBP1 could possibly be acting as a tumor suppressor. However, it was later found that CtBP1 along with Evi-1, a leukemia oncogene, was able to mediate in vitro transformation of Rat1 cells, suggesting a possible role for CtBP1 in leukemogenesis. 53 The early seemingly contradictory findings about CtBP's oncogenic role led to many further studies that have broadened our understanding about CtBP's likely oncogenic role in cancer (reviewed below), and important roles in other diseases as well. 11 Indeed, recent data from our laboratory conclusively demonstrate that CtBP2 is a cellular transforming oncogene, cooperating with SV40 viral oncoproteins to oncogenically transform primary mouse and human cells with an efficiency similar to activated H-Ras. 54 Highlighting the potential importance of CtBP in human cancer, CtBP1 and 2 overexpression occurs across the spectrum of solid human tumors, including breast, ovarian, prostate, colon, and gastric cancer, and is correlated with worse survival in many cases. [55] [56] [57] [58] [59] Indeed, analysis of TCGA data demonstrates high frequency recurrent genomic amplification of CtBP1 and 2 in high grade serous ovarian cancer as well as uterine cancer (Fig. 2 ). To better understand the possible mechanisms by which CtBP contributes to oncogenesis, we review the literature that has demonstrated how CtBP contributes to many of the "hallmarks of cancer" 60 such as abnormal cell survival, migration/invasion/metastasis, and disordered cellular metabolism, as well as key oncogenic biologic processes/pathways that include epithelial to mesenchymal transition, (EMT), activation of the Wnt pathway, and promotion of the cancer stem cell phenotype.
Cancer biology of CtBP
Apoptosis
Global expression profiling performed by Frisch and colleagues on mouse embryonic fibroblasts (MEFs) null for Ctbp1 and Ctbp2 expression showed upregulation of many genes regulating programmed cell death such as PERP, p21, Noxa, Bax, etc. 37 In light of this seminal finding, multiple reports suggested that cells that evade apoptosis have increased activity of CtBP, 58, 61 and evading apoptosis or programmed cell death, is one of the key attributes of cancer cells, which also positively influences chemo-resistance. Following on the MEF study, we identified CtBP as an anti-apoptotic protein that negatively regulates genes responsible for cell death in human cancer cells as well. For instance, several pro-apoptotic proteins that belong to Bcl-2 family such as Bik, were upregulated when expression of CtBP was knocked-down using siRNA in human colon cancer cells, and in another instance, depletion of CtBP using siRNA has been found to induce cleavage of caspase-3, a signal that initiates programmed cell death. 44, 49 EMT EMT is a critical phenomenon in cancer, during which cells lose their epithelial status and acquire mesenchymal traits. 62 ,63 E-cadherin (CDH1), a molecule involved in intercellular adhesion and maintenance of epithelial status of cells, is downregulated during EMT, along with other markers of epithelial differentiation, such as keratin. As a direct consequence of lowered CDH1, cells tend to disassociate and disseminate to neighboring tissues from the primary tumor site. Indeed, E-cadherin and keratin-8, were both upregulated in CtBP1/2 knockout MEFs, as compared with fibroblasts with wildtype CtBP expression. Analogous to MEFs, cancer cells display an inverse correlation between gene expression of CtBP and CDH1, creating a cogent argument that CtBP could be involved in regulation of EMT. 56, 64 CtBP represses CDH1 via recruitment to the CDH1 promoter region through CtBP's interaction with the DNA interacting protein ZEB1. Repression is due to CtBP oligomerization and recruitment of chromatin re-modeling enzymes, such as HDACs, HMTs and other proteins, to form a "super-complex" that induces repressive chromatin marks, which eventually is responsible for CDH1 downregulation. 15 CtBP-dependent induction of EMT appears regulated and not constitutive, as ERK2, but not ERK1 was found to induce EMT and CDH1 downregulation by phosphorylation of MCRIP1 (MAPK regulated corepressor interacting protein 1), a protein involved in inhibiting the interaction of the CtBP super-complex with ZEB1. 65 In the absence of ERK2 activity, MCRIP1 binds to CtBP and inhibits its interaction with ZEB1, thereby preventing downregulation of CDH1. 66 Functional crosstalk between CtBP and ERK2, as may occur during MAPK activation during oncogenic transformation may therefore be a key regulator of CtBP-mediated EMT.
Metastasis
Metastasis is one of the direct consequences of EMT, which relates to dissemination of cancer cells to neighboring tissues from the primary tumor site. It is a complex process that involves multiple signaling molecules, including loss of CDH1 expression that facilitates this movement. Several genes that were previously found to be responsible for migration of cancer cells have been found to be direct targets of CtBP. In addition, CtBP's expression and activity has been found to be upregulated in metastatic cancer types. 61, 67 For example, TIAM1 (Tlymphoma invasion and metastasis-inducing protein 1) and PTEN (Phosphatase and tensin homolog) are 2 genes that play regulatory roles in tumor migration and invasion. 68, 69 Recently, we have shown that TIAM1 and CtBP2 exhibit a strong positive correlation in their expression levels. 70 RNAi knockdown of CtBP2 in colorectal cancer cells downregulated TIAM1, whereas ectopic expression of CtBP2 upregulated TIAM1 expression, indicating that TIAM1 is a direct transcriptional activation target of CtBP. As anticipated, when CtBP2 expression was depleted, the rate of migration of cancer cells was reduced significantly. Likewise, overexpression of CtBP2 in cancer cells activated TIAM1 expression and repressed PTEN expression, thereby activating PI3K/AKT signaling, and increasing the rate of migration. 50 Importantly, CtBP-dependent migration was impeded if TIAM1 was depleted by siRNA, demonstrating that TIAM1 is downstream of CtBP and a critical mediator of CtBP-induced cell migration.
Aerobic glycolysis
Another essential characteristic of many cancers are their dependence on glycolytic metabolism. 60 This altered metabolism in cancer cells, commonly termed the "Warburg effect," influences levels of NADC/NADH, which in turn, directly influences CtBP mediated co-regulation. 55 For instance, increasing the ratio of NADC/NADH in breast cancer cells evicts CtBP from the BRCA1 promoter, elevates histone acetylation and increases BRCA1 transcriptional levels. 71 Likewise, hypoxia decreases this ratio, influencing CtBP mediated co-regulation and promoting enhanced migration. 63 On the other hand, the NADC/NADH ratio could be decreased by increasing caloric intake. According to a report by Moiola et al, a high-fat diet (HFD) fed to mice with xenografted orthotopic prostate tumors (PC3 cells), induced hormonal changes such as decreased levels of testosterone, increased levels of cholesterol, increased body weight and also, decreased the intra-tumoral NADC/NADH ratio, which is responsible for the hyperactivity of CtBP. When control diet (CD) was fed to mice with wild-type CtBP1 (PC3-pGIPZ) or depleted levels of CtBP1 (PC3-shCtBP1), the tumor growth was almost similar. However, when mice were on HFD, there was significant reduction of tumor size in PC3-shCtBP1 mice group. This indicates that despite the presence of low NADC/NADH ratio in HFD, depleted activity of CtBP1 due to lower levels of the protein negatively influenced tumorigenesis. Additionally, wholegenome expression array performed on tumors with depleted CtBP1 showed that the levels of CDH1 increased, with simultaneous decrease in cyclin D1 expression. These results indicate that CtBP has a significant role to play in cancer progression related to metabolic syndromes.
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Wnt signaling
Wnt signaling plays a vital role in developmental and cancer biology. CtBP intersects with Wnt signaling in multiple and complex ways as revealed by work in both model organisms and human cancer cells and tumors. The key effector of Wnt signaling, b-catenin, is degraded by ubiquitination and proteolysis as a result of interaction with the APC complex, which includes scaffolding proteins and kinases such as APC (Adenomatous Polyposis Coli), GSK-3b (glycogen synthase kinase3b), and Axin-1/2. Oncogenic APC or b-catenin mutations cause b-catenin localization to the nucleus, where it interacts with TCF4/LEF transcription factors causing multiple downstream effects including upregulation of c-Myc, cyclin D1, and several other genes that are associated with tumor initiation and growth, metastasis, and cancer stemness. 74 dCtBP plays a context-dependent role in Drosophila Wnt signaling, where it activates as well as represses Wnt target genes, though for unknown reasons. 32 In human cancer cells, CtBP associates with the APC destruction complex to sequester levels of b-catenin. 75, 76 Thus, CtBP contributes toward inhibition of b-catenin's interaction with TCF/LEF and possibly paradoxically acts as a tumor suppressor. 77, 78 However, APC is often mutated in sporadic colon cancer, yielding an APC protein product that is truncated at the C-terminus. These products undergo oligomerization, resulting in its impaired ability to degrade b-catenin, resulting in b-catenin nuclear localization and interaction with TCF/LEF complex. In this mutant APC setting, CtBP promotes oligomerization of truncated APC by binding to 15 amino acid-repeats, 76 facilitating release of b-catenin into the nucleus and activation of downstream oncogenic b-catenin transcriptional targets, such as cyclin D1 (Fig. 3) . Additionally, CtBP may directly coactivate TCF4/LEF at key target promoters (c-Myc, LGR5) to promote cancer stem cell self-renewal, 79 indicating that CtBP may activate Wnt signaling in cancer cells at multiple nodes-both by interacting with APC and by interaction with TCF4 directly. In further direct support of a role for CtBP in Wnt signaling, our recent work suggests that Ctbp2 haplo-insufficiency rescues polyposis induced by mutation of Apc in the min mouse model of the human disease Familial Adenomatous Polyposis. 54 Cancer Stem Cells Taking into account the role of CtBP in the Wnt/ b-catenin pathway alongside other factors, it can be expected that CtBP may play a role in the formation of CSCs. In fact, genome-wide profiling by ChIP-seq in breast cancer cells showed CtBP repression of genes that are generally known to be repressed to maintain a stem cell-like phenotype. 58 For example, an increased ratio of CD44/CD24 expression corresponds to the enhanced ability of breast cancer cells to form tumors 80 and when the levels of CtBP in MCF-7 and MDA-MB-231 cells were depleted using siRNA, the ratio of CD44/CD24 decreased while the ratio increased when CtBP was overexpressed. 58 In addition to these breast cancer data demonstrating CtBP regulation of CSC phenotypic markers, CtBP also supports colon CSC self-renewal as noted above, via its interaction with TCF4/ LEF. 79 
CtBP Inhibitors
Based on the totality of human, mouse, and cellular data suggesting that hyperactivity of CtBP mediates aggressive and metastatic neoplastic behavior, 15 we predict that pharmacological inhibition of CtBP could be beneficial in cancer treatment. Recently, several approaches for targeting CtBP have been proposed. These targeting agents, most commonly small molecules, act by inhibiting the enzymatic activity, interfering with dimerization or, inhibiting the interaction of CtBP with other co-regulators (see Table 1 ). In the following section, we discuss the mechanism of action and biologic effects of each of these inhibitor types in detail.
Dehydrogenase inhibitors
The structural resemblance of CtBP with 2-hydroxyacid dehydrogenases led to an initial hypothesis that CtBP could also be mimicking their enzymatic activity, wherein NADH is converted to NAD C , in the presence of a substrate. 30 A detailed chemical reaction is shown in Fig. 4 . Indeed, upon testing recombinant protein for enzymatic activity, CtBP was able to catalyze the conversion of pyruvate (a-keto acid-substrate), to lactate (a-hydroxyacid) in the presence of NADH (cofactor), in a dose-dependent manner. 30 In addition, mutations in the catalytic domain of CtBP inhibited the reaction. Further analysis with a library of potential substrates comprised of a-keto acids, showed that CtBP1 was able to reduce many of these substrates at varying efficiencies, but through a "compulsory-order mechanism," wherein NADH binds first followed by substrate.
Among the substrates that were tested, 2-keto-4-methylthiobutyrate (KMTB or MTOB, Table 1 ), which is reduced to 4-Methylthio-hydroxybutyric acid (MTHB), displayed the highest substrate conversion efficiency (»80X higher than pyruvate). To achieve such high enzyme efficiency, either a high K cat (rapid turnover or rate of conversion of substrate) or a small K m (high affinity of enzyme toward substrate) are required. 81 Of note for future development of substrate competitive inhibitors based on the MTOB scaffold, MTOB exhibits substrate inhibitor activity in CtBP dehydrogenase reactions when in excess over NADH concentration. 82 MTOB is the penultimate compound in the methionine-salvage pathway, and is converted to methionine in presence of transaminase. 83 At low concentrations, MTOB was found to significantly decrease ornithine decarboxylase (ODC) activity, an enzyme upregulated in tumors and found to be a direct transcriptional target of the c-Myc oncogene. 84, 85 At concentrations above 1mM, there was also a significant amount of cell death in different types of cancer cells, though the mechanism of cell death was unclear.
Based on its properties of substrate inhibition in vitro, we explored the possibility whether MTOB could functionally inhibit CtBP. Cell viability, ChIP, real-time quantitative PCR (RT-QPCR), and Western blot analyses showed that MTOB treatment of colorectal cancer cells modulated BIK and other BH3 gene expression to induce apoptosis by eviction of at least CtBP2 from the BIK promoter. 86 As a demonstration of on-target specificity of MTOB action, overexpression of CtBP rescued MTOB cytotoxicity. Additionally, MTOB was also found to be highly effective in vivo, reducing tumor size and increasing survival of immune compromised mice harbouring colon cancer peritoneal xenografts. This was the first description of biologically successful CtBP targeting using a pharmacological agent to inhibit its transcriptional regulation. Our findings in colon cancer cells were extended to breast cancer cells, as Gardner and colleagues demonstrated in 2 different breast cancer cell lines that changes in mRNA levels of a 30 gene panel were similar between MTOB treatment and CtBP siRNA knockdown. 58 These authors further demonstrated that this was due to the ability of MTOB to evict CtBP from the occupied promoter regions, thereby influencing cellular processes such as EMT and breast cancer CSC activity. Taking these results into consideration, MTOB was tested for its influence on the CSC phenotype and specifically spheroid forming ability (the ability of certain cells to form spherical colonies and be propagated as such in suspension culture-a measure of CSC self-renewal capability). As expected, MTOB robustly inhibited spheroid formation and self-renewal abilities in CSCs in a dose-dependent manner in colorectal cancer cell lines with EC50s around 250 mM. Mechanistically, MTOB action was traced to interruption of the binding of CtBP to TCF4/LEF, a known regulator of colon cancer CSCs. 79 Despite many existing theories, 58, 87 how MTOB affects CtBP's activity still remains unclear. Although, it could be hypothesized that MTOB acts as a substrate at a lower concentration, at increasing concentration it assumes the role of allosteric inhibitor and locks the conformation of CtBP, thereby blocking recruitment of other co-repressors and downstream functions. It can also be speculated that excess MTOB affects the methionine-salvage pathway, but whether that is of any relevance to CtBP related pathways is yet to be discovered. Additionally, further studies could be focused on understanding the role of the product of MTOB hydrogenation, MTHB, in MTOB action. Of note, preliminary studies testing MTHB effects on cell viability in colon cancer cells revealed no significant effect (Straza and Grossman, unpublished observation).
With the above results that demonstrate that MTOB could possibly be the first CtBP-specific substrate / inhibitor, we investigated the structural detail of CtBP/ MTOB interaction using X-ray crystallography. From the MTOB/NADC/CtBP1/2 crystal structures (Fig. 5) , we found that despite binding in slightly different conformations, CtBP1 and CtBP2 both bind MTOB in their active site clefts within their substrate-binding domains, and MTOB interacts with catalytically conserved residues, such as Arg 266/272 and His315/321, of the catalytic triad. 88 These residues form a scaffold between the coenzymeand substrate-binding domains and position MTOB adjacent to the nictonamide ring of NADH. CtBP family proteins differ from other D2-dehydrogenases in that they contain a unique tryptophan residue within their active site (Trp 318/324 for CtBP1/2). MTOB is positioned in this active cleft in an orientation such that its thioether is within van der Waals distance from Trp 318/324 and is able to interact with the indolyl ring of this amino acid. This information led to rational designs of second generation inhibitors, which were developed to increase the strength of interaction between protein and inhibitors, simultaneously improving therapeutic efficacy. 82, 89 Previous studies have indicated that the CtBP 318/324 tryptophan residue may function as a "keystone," integral for dimerization, dehydrogenase function, and higher oligomerization of the protein. 35 We therefore sought to enhance the binding capacity of the MTOB substrate by replacing the thiol group with a benzene ring that would allow for pi-pi interactions with the catalytic tryptophan. The a-keto acid with this aromatic substitution is phenylpyruvic acid. Testing of this molecule showed a mild increase in inhibition capacity in an enzyme assay that measures the turnover of NADH to NADC in the presence of CtBP and MTOB substrate. 82 It should be noted that CtBP is known to have a greater than 100-fold affinity for NADH over NADC, allowing for unidirectional measurement within enzymatic assays. However, phenylpyruvate was not shown to be cytotoxic to cancer cell lines. It was then hypothesized that we could further increase inhibition potential by rendering phenylpyruvate non-reducible. A series of analogs with non-reducible ketone bioisosteres were designed, synthesized, and tested for CtBP inhibition. 89 From these analogs based on phenylpyruvate, 2-hydroxyimino-3-phenylpropionic acid (HIPP, Table 1), was identified as a potent CtBP inhibitor. Crystallographic studies of CtBP1 showed that the phenylgroup interaction with W318 in both phenylpyruvate and HIPP increased favorable interactions 2-3-fold over MTOB (Fig. 6) . 82 Interestingly, the oxime of HIPP does not interact with NADC, but rather binds in a flipped, noncanonical conformation. This surprising conformation serves to allow HIPP to fully occupy the active site.
Notably, introduction of the oxime reduced the IC 50 for HIPP to 240 nM, substantially improved over the IC 50 of phenylpyruvate (IC 50 D 135 mM). We further determined the inhibition constant of HIPP (Ki D 928 nM), showing that it more closely modeled non-competitive inhibition versus competitive inhibition (R 2 D 0.7556 vs. R 2 D 0.4995). This contrast to the crystal structure data, which indicates that MTOB and HIPP occupy the same binding site, can be explained by allosteric interactions. The current hypothesis suggests that HIPP-mediated CtBP inhibition may function by creating an abortive ternary complex, similar to the D2-dehydrogenase family member D-2-hydroxy-4-methyvalerate dehydrogenase. 90 The hypothesis follows that upon NADH binding to CtBP, there is a conformational change in CtBP which likely causes domain closure around NADC once it undergoes its redox reaction with substrate. This closure is predicted to hinder the quick release of NADC and allow inhibitor binding to sequester the CtBP complex from participating in further reactions. 82 Hence, HIPP is a substrate competitive inhibitor. Additionally, CtBPs are also unique among D2-dehydrogenases in that they have a large catalytic site that permits binding of water molecules throughout the cavity. With HIPP, 2 of the 4 water molecules within the active site are displaced, and a third is altered. It may be possible to further develop inhibitors that take advantage of this open cavity and displace all the water molecules to increase favorable binding interactions.
HIPP was tested in several cancer cell systems and found to cause cytotoxicity at millimolar concentrations (HCT116, p53-/-IC 50 D 4.12 mM). 89 By chromatin immunoprecipitation analysis (ChIP), it was shown that HIPP promotes this cytotoxicity, in part, by alleviating CtBP-mediated repression of the Bik promoter (S. Paliwal and S. R. Grossman, unpublished). Despite these encouraging results, an ideal therapeutic should be effective at doses several orders of magnitude lower. To this end, we took the structure of HIPP and created a series of substitutions along the benzene ring to assess for greater therapeutic potential. Two compounds using a chlorine functional group at the meta-and para-positions on the phenyl ring of HIPP (referred to as 3-Chloro HIPP and 4-Chloro HIPP, respectively) had an enzymatic IC 50 that were improved over HIPP (0.17 vs 0.18 vs. 0.24 mM) and were found to be significantly more cytotoxic (cellular EC 50 : 0.85 mM and 1.74 mM vs 4.12 mM). To assess whether this increase in cytotoxicity may be due to CtBP inhibition, we performed BIK promoter/reporter experiments in HCT116, p53 ¡/¡ cell lines. After 24 hours with 2 mM drug concentration, both 3-Cl HIPP and 4-Cl HIPP showed significantly higher BIK expression than negative controls, MTOB or HIPP at 4 mM. 89 This suggests that the increased cytotoxicity of chlorinated HIPP derivatives is due, at least in part, to CtBP inhibition. Interestingly, HIPP also limited polyp formation in the Apc min mouse model, suggesting it can attain therapeutically relevant concentrations in vivo that may be an order of magnitude lower than concentrations required for activity in cell culture. 54, 89 Ongoing work is addressing the possible mechanisms for enhanced activity of CtBP inhibitors in the in vivo vs. in vitro settings.
Targeting dimerization
Macromolecular structures such as cyclic peptides have also been used to inhibit CtBP's activity, by inhibiting its ability to dimerize. The success of these molecules is based on their resistance to proteolytic degradation and large surface areas that can more effectively intervene in protein-protein interactions. 91 Using this approach, Tavassoli and coworkers identified a cyclic peptide, CP61 92 (Table 1 ) using a library screening method known as SICLOPPS (Split-Intein Circular Ligation of Peptides and Proteins). CP61 (cyclo-SGWTVVRMY) is a cyclic nona-peptide that is cyclized using NH 2 -terminal serine and COOH-terminal tyrosine, thus forming a loop-like structure. In vitro analysis showed that CP61 was able to inhibit dimerization of CtBP1, with an IC 50 value of 19 § 4 mM. In cellulo analysis also reflected the fact that CP61 was able to inhibit heterodimer formation between CtBP1 and CtBP2, and thereby restricted the ability of CtBP1 to colocalize into the nucleus. Mechanistic analysis of mode of inhibition by CP61 showed that the macrocyclic peptide selectively inhibited interaction between CtBP1 and NADH, most likely by an allosteric mechanism and not by directly binding in the NADH binding pocket.
In a previous report by the same group, CtBP promoted cell survival through maintenance of mitotic fidelity in breast cancer cells, with siRNA knock-down of CtBP causing lowered mitotic indices and increased fraction of micronuclei. 16 Treating MCF-7 cells with increasing doses of CP61 coupled to the TAT peptide (an arginine and lysine rich peptide that enhances cellular permeability of chimerized or conjugated peptides and proteins), reflected the results seen with CtBP knockdown. Specifically, CP61 treatment resulted in increased number of micronuclei and increased the percentage of aberrant mitosis. In addition, the CP61-TAT inhibitor was able to induce a 3-fold decrease in colony formation as compared with DMSO control in MCF-7 breast cancer cells. Targeting CtBP's interaction with its partners As described in the foregoing sections, CtBP's transcriptional regulation is primarily due to its interaction with other transcriptional regulators, via a conserved PxDLS domain present in the binding partners. Blevins et al have reported inhibition of PxDLS mediated interaction of CtBP with other partners using a small molecule inhibitor. 93 In this approach, a small molecule inhibitor NSC95397 (Table 1) was identified from the LOPAC (Library of Pharmacologically Active Compounds) library of 1280 compounds using an a-screen assay that measured the efficiency of a small molecule to inhibit interaction between CtBP1 and E1A (aScreen IC50 D 2.9 mM). Initial comparisons between NSC95397 and the previously published inhibitor of CtBP1, MTOB, using an "NADH disappearance assay" 82 showed that it was a weaker CtBP inhibitor than MTOB, but was able to inhibit interaction between CtBP1 and E1A proteins better than MTOB, as demonstrated using a fluorescence polarization assay. Additionally, NSC95397 was able to disrupt the CtBP1-mediated transcriptional complex, and derepress E-cadherin expression. However, like MTOB, NSC85397 was a weak substrate for CtBP1. The authors speculate that NSC95397, being larger than MTOB, induces CtBP conformational change and locking CtBP in a conformation that prevents its interaction with transcription partners.
Interestingly, NSC95397 has been previously identified in multiple other reports not related to inhibition of CtBP, which includes inhibition of Mitogen-activated protein kinase phosphatase (MKP)-1/3, S100A4/myosin-IIA interaction, and inhibition of S100A4-mediated depolymerization of myosin-IIA filaments etc, which raises several questions about its specificity as a CtBP inhibitor.
94-97
Future perspectives
Mounting experimental and clinical evidence suggests that CtBP's role in cancer is significant and warrants serious consideration as a therapeutic target. Given that CtBP's transcriptional activity contributes to neoplastic progression, pharmacological inhibition of CtBP, while simultaneously inhibiting other cancer therapeutic targets in combination, could lead to synergistically effective, low toxicity, therapies. Recently, several approaches have been explored, wherein small molecules that target other co-repressors, pathways or metabolic conditions were used in cells with altered CtBP expression or CtBP-inhibition. 50, 57, 86 For instance, Berroilhet et al showed that RNAi mediated downregulation of CtBP2 expression and its activity in mucinous ovarian adenocarcinoma (MCAS), increased sensitivity toward HDAC inhibitors such as belinostat, and vorinostat, while cells with wild-type expression of CtBP2 remained unaffected. 67 This suggests that the targeting of CtBP sensitizes cancer cells toward other established treatments.
Currently, inhibitors that target CtBP are still in early developmental stages and specificity has not been adequately tested. For the clinical application of CtBP-based inhibitors, additional effort will be required to design inhibitors that have limited-tono off-target activity with pre-clinical efficacy alone, or in combination. Whether CtBP therapeutics will be of more benefit in tumor types and individual patients with higher CtBP expression, as in high-grade glioma, colon, breast, prostate and ovarian cancers, is an open question. 67, 98, 99 Nonetheless, CtBP has generated tremendous interest in terms of being a co-repressor that targets multiple tumor suppressors, as well as an activator of key oncogenes, and as such, holds great promise as a wholly novel target for future cancer therapeutic development.
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